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A new class of inflation models within the context of G-inflation is proposed, in which the standard
model Higgs boson can act as an inflaton thanks to Galileon-like non-linear derivative interaction.
The generated primordial density perturbation is shown to be consistent with the present obser-
vational data. We also make a general discussion on potential-driven G-inflation models, and find
a new consistency relation between the tensor-to-scalar ratio r and the tensor spectral index nT ,
r = −32√6nT /9, which is crucial in discriminating the present models from standard inflation with
a canonical kinetic term.
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I. INTRODUCTION
Primordial inflation [1, 2] is now regarded as a part of
the “standard” cosmology because it not only solves the
flatness and the horizon problems but also accounts for
the origin of primordial fluctuations [3]. To construct a
model of inflation, one usually assumes a scalar field that
drives inflation (called an inflaton) outside the standard
model (SM) of particle physics. This is because there
are no scalar fields in the SM except for the Higgs boson
and it has been found that the SM Higgs boson cannot
be responsible for inflation as long as its kinetic term is
canonical and it is minimally coupled to gravity [4]. The
difficulty here lies in the fact that the self interaction
of the SM Higgs boson is so strong that the resultant
primordial density fluctuation would be too large to be
consistent with the present observational data [5].
To construct inflation models within the SM, several
variants of Higgs-driven inflation have been proposed so
far. They include models with a non-minimal coupling
term to gravity [6] and with a non-minimal coupling of
the Higgs kinetic term with the Einstein tensor [7].1 The
amplitude of the curvature perturbation is suppressed
due to the large effective Planck scale in the former case,
while in the latter case the same thing is caused by the
enhanced kinetic function which effectively reduce the
self coupling of the Higgs boson.
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1 Inflation models where Higgs multiplets act as an inflaton in the
context of supersymmetric extensions of the SM, e.g., the next-
to-minimal supersymmetric standard model, have also been pro-
posed in [8]. In these models, a non-canonical Ka¨hler potential
for the Higgs multiplet is assumed.
The simplest way to enhance the kinetic energy would
be to add a non-canonical higher order kinetic term.
A number of novel inflation models with non-standard
kinetic terms have been proposed, such as k-inflation
[9], ghost condensate [10], and Dirac-Born-Infeld infla-
tion [11]. When incorporating higher order kinetic terms
special care must be taken in order to avoid unwanted
ghost instabilities. Since newly introduced degrees of
freedom will lead easily to ghosts, it would be desir-
able if the scalar field does not give rise to a new de-
gree of freedom in spite of its higher derivative nature.
It has recently been shown that special combinations of
higher order kinetic terms in the Lagrangian produce
derivatives no higher than two both in the gravitational
and scalar field equations [12, 13]. A scalar field hav-
ing this property is often called the Galileon because it
possesses a Galilean shift symmetry in the Minkowski
background. Such a scalar field has been studied in the
context of modified gravity and dark energy in [14]. Re-
cently, an inflation model dubbed as “G-inflation” was
proposed [15], in which inflation is driven by a scalar field
with a Galileon-like kinetic term. In Ref. [15], the back-
ground and perturbation dynamics of G-inflation were in-
vestigated, revealing interesting features brought by the
Galileon term. For example, scale-invariant scalar per-
turbations can be generated even in the exactly de Sitter
background, and the tensor-to-scalar ratio can take a sig-
nificantly larger value than in the standard inflation mod-
els, violating the standard consistency relation. Other as-
pects of G-inflation have been explored in Refs. [16, 17]
(see also [18]).
In this paper, we propose a new Higgs inflation model
by adding a Galileon-like kinetic term to the standard
Higgs Lagrangian. We show that a self coupling con-
stant of the order of the unity is compatible with the
present observational data thanks to the kinetic term en-
hanced by the Galileon effect. We however start with
a general discussion on G-inflation driven by the poten-
2tial term because our potential-driven G-inflation is not
restricted only to the Higgs field. We first give a cri-
terion to determine which term becomes dominant in
the kinetic term. Then, the slow-roll parameters and
the slow-roll conditions are concretely given in terms of
the potential V (φ) and the function characterizing the
Galileon term. We also derive the expressions for primor-
dial fluctuations in terms of the slow-roll parameters, and
find a new model-independent consistency relation for a
potential-driven G-inflation model, which is quite useful
for discriminating it from the standard inflation model
with a canonical kinetic term. It turns out, however, that
primordial non-Gaussianity of the curvature fluctuation
is not large in potential-driven G-inflation. Finally, as a
concrete example of a potential-driven G-inflation model,
we propose a Higgs G-inflation model. This model pre-
dicts that the scalar spectral index ns ≃ 0.967 and the
tensor-to-scalar ratio r ≃ 0.14 for the number of e-folds
N = 60, which, together with the new consistency rela-
tion r = −32√6nT /9, makes our Higgs G-inflation model
testable in near future.
This paper is organized as follows. In the next section,
we make a general discussion on the potential-driven G-
inflation model. In Sec. III, we apply it to more concrete
examples, which have chaotic-type, new-type, and hybrid
type potential forms. In Sec. IV, we present a new class
of inflation model that regards the standard model Higgs
boson as an inflaton in the context of G-inflation. Final
section is devoted to conclusions and discussion.
II. POTENTIAL-DRIVEN G-INFLATION
The general Lagrangian describing lowest-order G-
inflation is of the form [15]
S =
∫
d4x
√−g
[
M2Pl
2
R+K(φ,X)−G(φ,X)φ
]
, (1)
where MPl is the reduced Planck mass, R is the Ricci
scalar and X := −∇µφ∇µφ/2. The main focus of the
present paper is G-inflation driven by the potential term
with the kinetic term modified by the G(φ,X) term.
We therefore take the “standard” form of the function
K(φ,X),
K(φ,X) = X − V (φ), (2)
while for simplicity we assume the following form of the
G(φ,X) term,
G(φ,X) = −g(φ)X. (3)
A. The background dynamics
Taking the homogeneous and isotropic metric ds2 =
−dt2 + a(t)2dx2, we have the following basic equations
governing the background cosmological dynamics:
3M2PlH
2 = X
[
1− gHφ˙ (6− α)
]
+ V, (4)
M2PlH˙ = −X
[
1− gHφ˙ (3 + η − α)
]
, (5)
Hφ˙
[
3− η − gHφ˙ (9− 3ǫ− 6η + 2ηα)
]
+ (1 + 2β)V ′ = 0,
(6)
where the dot represents derivative with respect to t and
the prime with respect to φ. In the above we have defined
ǫ := − H˙
H2
, (7)
η := − φ¨
Hφ˙
, (8)
α :=
g′φ˙
gH
, (9)
β :=
g′′X2
V ′
. (10)
We assume that all of these quantities are small:
ǫ, |η|, |α|, |β| ≪ 1. (11)
The condition |α| ≪ 1 indicates that g(φ(t)) must be a
slowly-varying function of time. Equations (4) and (5)
together with these slow-roll conditions imply
X, |gHφ˙X | ≪ V. (12)
Thus, the energy density is dominated by the potential
V under the slow-roll conditions:
3M2PlH
2 ≃ V. (13)
The slow-roll equation of motion for the scalar field is
given by
3Hφ˙
(
1− 3gHφ˙
)
+ V ′ ≃ 0. (14)
One can consider two different limiting cases here. The
case |gHφ˙| ≪ 1 corresponds to standard slow-roll infla-
tion, while in the opposite limit, |gHφ˙| ≫ 1, the Galileon
effect alters the scalar field dynamics. We are interested
in the latter case. Since 9H2φ˙2 ≃ V ′/g, it is required
that V ′/g > 0 in order for this regime to be realized.
The slow-roll equation of motion can be solved for φ˙ to
give
φ˙ ≃ −sgn(g)MPl
(
V ′
3gV
)1/2
. (15)
We have fixed the sign of φ˙ so that sgn(φ˙) = −sgn(V ′),
i.e., the scalar field rolls down the potential. This seems
to be a natural situation for the scalar field dynamics. As
we will see below, ghost instabilities are avoided provided
3that gφ˙ < 0, and hence only in this branch the Universe
can be stable. From Eq. (15) we see
− gHφ˙ ≃ 1
3
(gV ′)1/2. (16)
Therefore, the condition that the kinetic term coming
from G(φ,X) is much bigger than the usual linear kinetic
term X is equivalent to
gV ′ ≫ 1. (17)
Using the slow-roll equations, one can rewrite the slow-
roll parameters in terms of the potential as
ǫ ≃ ǫstd 1
(gV ′)1/2
, (18)
η ≃ η˜std
2
1
(gV ′)1/2
− ǫ+ α
2
, (19)
α ≃ −M2Pl
g′
g
V ′
V
1
(gV ′)1/2
, (20)
β ≃ M
4
Pl
36
g′′
g
(
V ′
V
)2
1
gV ′
, (21)
where ǫstd and η˜std are the slow-roll parameters conven-
tionally used for standard slow-roll inflation,
ǫstd :=
M2Pl
2
(
V ′
V
)2
, η˜std :=M
2
Pl
V ′′
V
. (22)
Equations (18) and (19) clearly show that the Galileon
term effectively flatten the potential thanks to the factor
1/(gV ′)1/2 (≪ 1). This implies that in the presence of
the Galileon-like derivative interaction slow-roll inflation
can take place even if the potential is rather steep.
For later convenience we define η˜ := η˜std/2(gV
′)1/2. It
will be also useful to note that
gφ˙3
M2PlH
≃ −2
3
ǫ. (23)
This means that even if the Galileon dominates the dy-
namics of slow-roll inflation, the standard part of the
Lagrangian remains much larger than the Galileon inter-
action term,
|K(φ,X)| ≃ V (φ)≫ |G(φ,X)φ|. (24)
Let us make a brief comment on the initial condi-
tion for the scalar field. The field may initially be off
along the slow-roll trajectory (15). As long as sgn(φ˙) =
−sgn(g), the field safely approaches the trajectory (15).
If sgn(φ˙) = +sgn(g) initially, the situation is more subtle,
because the solution would approach another branch of
the slow-roll attractor and the field would go on to climb
up the potential. This is what indeed happens if F ,G < 0
at the initial moment, signaling ghost instabilities [see
Eqs. (28)–(30) below]. Note, however, that in Eq. (30)
F and G are evaluated along the slow-roll trajectory; it
is therefore possible in principle that sgn(φ˙) = +sgn(g)
but still one has F ,G > 0 at the initial moment. In this
case the solution approaches the healthy branch of the
slow-roll attractor.
B. Primordial fluctuations
Let us investigate the properties of scalar cosmological
perturbations in potential-dominated G-inflation. The
quadratic action for the curvature perturbation in the
unitary gauge, R, is given by [15]
S2 =M
2
Pl
∫
dτd3xa2σ
[
1
c2s
(∂τR)2 − (~∇R)2
]
, (25)
where τ is the conformal time and
σ :=
XF
M2Pl
(
H − φ˙XGX/M2Pl
)2 , (26)
c2s :=
F
G , (27)
with
F := KX + 2GX(φ¨+ 2Hφ˙)− 2G
2
X
M2Pl
X2
+2GXXXφ¨− 2(Gφ −XGφX), (28)
G := KX + 2XKXX + 6GXHφ˙+ 6G
2
X
M2Pl
X2
−2(Gφ +XGφX) + 6GXXHXφ˙. (29)
The above expressions are for general K(φ,X) and
G(φ,X), but in the present case we simply have
F ≃ −4gHφ˙, G ≃ −6gHφ˙, (30)
and hence
σ ≃ 4
3
ǫ, c2s ≃
2
3
, (31)
where we used Eq. (23). Note that gφ˙ < 0 is required to
ensure the stability against perturbations, as seen from
Eq. (30)
Evaluating the power spectrum from the quadratic ac-
tion (25) is a standard exercise; we arrive at
PR = 1
4π2
H2
2σcsM2Pl
∣∣∣∣
τ=1/csk
=
3
√
6
64π2
H2
M2Plǫ
∣∣∣∣∣
τ=1/csk
. (32)
The spectral tilt, ns − 1 = d lnPR/d ln k, can be evalu-
ated as
ns − 1 = −6ǫ+ 3η˜ + α
2
, (33)
where the relation H¨/HH˙ = −ǫ− 3η + α was used.
The tensor perturbations are generated in the same
way as in the usual canonical inflation models, and hence
4the power spectrum and the spectral index of the primor-
dial gravitational waves are given by
PT = 8
M2Pl
(
H
2π
)2∣∣∣∣∣
τ=1/k
, nT = −2ǫ. (34)
Thus, we obtain a new, model-independent consistency
relation between the tensor-to-scalar ratio and the tensor
spectral index:
r = 16σcs = −32
√
6
9
nT . (35)
III. GALILEAN SYMMETRIC MODELS
In this section, we shall clarify slow-roll dynamics of G-
inflation for three representative forms of the potential.
We consider the simplest case where the Galileon-type
kinetic term respects not only the Galilean shift sym-
metry in the Minkowski background, but also the shift
symmetry φ→ φ+const [19] during inflation, i.e.,
|g| = 1
M3
= const., (36)
where M is a mass scale. Here the sign of g should be
chosen to coincide with that of V ′(φ). For (36) the G
term is Z2 odd, and hence the slow-roll solution (15) can
be realized only in one side of a Z2-symmetric potential.
Note, however, that the following results can be general-
ized qualitatively to the cases with more general g hav-
ing weak dependence on φ, because g(φ) may be prac-
tically constant for slowly-rolling φ. Note also that we
assume (36) only in the inflationary stage; g may change
globally in φ-space and the detailed shape of g(φ) would
play an important role during the reheating stage after
inflation. From the conservative point of view, reheating
will proceed in the same way as in the usual inflation
models by taking g(φ) such that g(φ) → 0 around the
minimum of the potential V (φ). In this section we focus
on the dynamics of φ in the inflationary stage, and we
will come back to the issue of reheating in Sec. IV.
A. Chaotic inflation
First, let us consider the chaotic inflation model [19, 20]
for which the potential is given by
V (φ) =
λ
n
φn, (37)
with n (≥ 1) being an integer. We assume that the field
is moving in the φ > 0 side and hence g = +1/M3 > 0.
In this case, the condition gV ′ ≫ 1 is equivalent to
φ≫
(
3M3/2
λ1/2
)2/(n−1)
=: φG. (38)
Since the slow-roll parameters for φ≫ φG are given by
ǫ =
n2M2PlM
3/2
2λ1/2φ(n+3)/2
, η˜ =
n− 1
n
ǫ, (39)
potential-driven G-inflation proceeds as long as
φ≫
(
n2
2
M2PlM
3/2
λ1/2
)2/(n+3)
=: φǫG. (40)
If φG > φǫG, one can consider the scenario in which
standard chaotic inflation follows slow-roll G-inflation.
This scenario is possible if
M >
n(n−1)/3
2(n−1)/63(n+3)/6
λ1/3M
(n−1)/3
Pl =:Mc. (41)
If, on the other hand, φG < φǫG, i.e., M < Mc, slow-
roll G-inflation ends at φ = φǫG and standard chaotic
inflation does not follow. In this case, G-inflation is pos-
sible even in the region where the potential is too steep
to support standard chaotic inflation. In this case, the
number of e-folds N reads
N =
∫ φǫG
φ
H
φ˙
dφ =
2λ1/2
n(n+ 3)M2PlM
3/2
φ(n+3)/2 − n
n+ 3
.
(42)
From this we obtain the field value evaluated N e-folds
before the end of inflation,
φN = [(n+ 3)N + n]2/(n+3)
(
nM2PlM
3/2
2λ1/2
)2/(n+3)
.
(43)
The situation is summarized in Fig. 1.
Now we investigate the primordial perturbation. In
the present case we find
F ≃ 4
3
λ1/2φ(n−1)/2
M3/2
, G ≃ 2λ
1/2φ(n−1)/2
M3/2
. (44)
From Eqs. (32) and (33), the primordial density pertur-
bation generated during the potential-dominated chaotic
G-inflation is evaluated as
PR ≃
√
6
32π2n3
λ3/2φ3(n+1)/2
M3/2M6Pl
≃7.8× 10
−3
n3
×
{
λMn
M4Pl
(n
2
[(n+ 3)N + n]
)(n+1)}3/(n+3)
,
(45)
ns − 1 ≃ −3(n+ 1)
n
ǫ ≃ − 3(n+ 1)
(n+ 3)N + n. (46)
The scalar-to-tensor ratio is given by
r ≃ 64
3
(
2
3
)1/2
ǫ ≃ 17n
(n+ 3)N + n. (47)
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FIG. 1: The Galileon effect operates above the magenta line,
and the slow-roll condition ǫ < 1 is satisfied above the cyan
line. Chaotic G-inflation therefore takes place in the shaded
region, while in the dotted region standard chaotic inflation
occurs. In particular, in the green region the potential is
rather steep and hence standard inflation would not proceed,
but G-inflation can. For M > Mc it can be seen that a
standard inflationary phase follows G-inflation.
For n = 2 and N ≃ 50, we obtain ns ≃ 0.964 and
r ≃ 0.13. The COBE/WMAP normalization, PR ≃ 2.4×
10−9 at k = 0.002Mpc−1 [5], is attained by taking
λ1/2 ≃ 3× 1016
(
M
1012 GeV
)−1
GeV. (48)
For n = 4 and N ≃ 60 we find ns ≃ 0.965 and r ≃ 0.16,
which are also compatible with WMAP [5]. In this case
we obtain
λ ≃ 0.8
(
M
1012 GeV
)−4
, (49)
under the COBE/WMAP normalization [5], showing
that λ can easily be ∼ O(0.1). This motivates us to
study Higgs G-inflation, which will be discussed in the
later section.
B. New inflation
Next, let us consider the new inflation model [21] where
the potential is given by
V (φ) = V0 − 1
2
m2φ2. (50)
with V0 ≫ m2φ2/2. Since we consider the range φ > 0
and V ′ < 0 there, we take g = −1/M3 < 0. In this case,
the condition gV ′ ≫ 1 is equivalently written as
φ≫ M
3
m2
=: φG. (51)
The slow-roll parameters can be expressed as
ǫ =
M2Plm
3M3/2φ3/2
2V 20
, η˜ = −M
2
PlmM
3/2
2V0φ1/2
. (52)
Both of the above quantities are smaller than unity in
the range
φηG < φ < φǫG, (53)
where
φǫG :=
V
4/3
0
M
4/3
Pl m
2M
, φηG :=
M4Plm
2M3
4V 20
=
η2std
4
φG,(54)
with |ηstd| =M2Plm2/V0. From this we see that potential-
driven G-inflation can occur if
M <
V
5/6
0
mM
4/3
Pl
=:Msl. (55)
Slow-roll inflation ends anyway at
φ ≈
√
2V0
m
:= φV . (56)
If φV < φG then the Galileon effect never operates during
inflation. To have a G-inflationary phase we therefore
require φG < φV , i.e.,
M < m1/3V
1/6
0 =:MV . (57)
Slow-roll G-inflation takes place provided that Eqs. (55)
and (57) are both satisfied. Note that
MV ≶Msl ⇔ |ηstd| ≶ 1. (58)
If M < MV < Msl (i.e., |ηstd| < 1), standard new
inflation is followed by G-inflation, as shown in Fig. 2.
In this case, however, the Galileon term does not help to
support an inflationary phase in the region where slow-
roll inflation would otherwise be impossible. This case is
summarized in Fig. 2.
If MV > Msl > M , |ηstd| > 1 and hence standard
inflation would be impossible. Nevertheless, slow-roll G-
inflation can take place with the help of the Galileon
term, as shown in Fig. 3.
The number of e-folds during new G-inflation is given
by
N =
∫ φV
φ
H
φ˙
dφ ≃ 2V0
M2PlM
3/2m
(
φ
1/2
V − φ1/2
)
. (59)
Then, we find the field value, φN , evaluated N e-folds
before the end of inflation as,
φN =
[
(2V0)
1/4
m1/2
− M
2
PlM
3/2m
2V0
N
]2
. (60)
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FIG. 2: The same diagram as Fig. 1, but for new and hybrid
inflation with |ηstd| < 1. The Galileon effect operates above
the magenta line, the slow-roll condition ǫ < 1 is satisfied
below the cyan line, and the constant piece V0 dominates the
potential below the green line.
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FIG. 3: The same diagram as Fig. 1, but for new and hybrid
inflation with |ηstd| > 1. The slow-roll conditions are satisfied
below the ǫ = 1 line and above the η = 1 line. Therefore, even
though ηstd > 1, G-inflation can occur in the green, shaded
region.
Except for the special case with M ∼ Msl we may have
φV ≫ φηGN 2. If this is satisfied then we find
φN ≃ φV . (61)
Now we investigate the primordial perturbation. In
this case, we have
F ≃ 4mφ
1/2
3M3/2
, G ≃ 2mφ
1/2
M3/2
. (62)
From Eq. (32) the power spectrum of the primordial
density perturbation generated during the potential-
dominated new G-inflation is given by
PR ≃
√
6
32π2
V 30
m3M6PlM
3/2φ3/2
. (63)
More concretely, one can evaluate as
PR ≃ 4.6× 10−3 V
9/4
0
m3/2M6PlM
3/2
, (64)
ns − 1 ≃ −6ǫ+ 3η˜ ≃ −6.3× m
3/2M2PlM
3/2
V
5/4
0
, (65)
r ≃ 64
3
(
2
3
)1/2
ǫ ≃ 14× M
2
Plm
3/2M3/2
V
5/4
0
. (66)
C. Hybrid inflation
Finally, let us study the hybrid inflation model [22]
where the potential is effectively given by
V (φ) = V0 +
1
2
m2φ2. (67)
We consider the range φ > 0, and hence take g =
+1/M3 > 0. Hybrid inflation ends when the water-
fall field becomes tachyonic. Let φtac be the value of φ
where this occurs. We will therefore focus on the range
φtac < φ <
√
2V0/m. For φ ≫
√
2V0/m, the constant
piece V0 in the potential can be ignored, and hence the
situation reduces to chaotic inflation studied in Sec. III A.
The situation here is analogous to the case of new in-
flation. The Galileon effect operates for φ ≫ φG, where
φG is given in Eq. (51). The slow-roll parameters for
φ > φG are given by
ǫ =
M2Plm
3M3/2φ3/2
2V 20
, η˜ =
M2PlmM
3/2
2V0φ1/2
, (68)
so that the slow-roll conditions are satisfied in the range
φηG < φ < φǫG, where φηG and φǫG are the quantities
defined in Eq. (54). Thus, the inflaton dynamics can be
summarized in Figs. 2 and 3, depending on the values of
MV andMsl. Since φ˙ < 0, G-inflation is followed by stan-
dard hybrid inflation if M < MV < Msl. If M < Msl <
MV then G-inflation can occur even though standard in-
flation would be impossible as η˜std > 1. We remark that
hybrid inflation ends at φ = φtac, which is not indicated
explicitly in the figures, and for φ >
√
2V0/m hybrid in-
flation reduces to chaotic inflation, which is not shown in
the figures either.
The primordial perturbation is described in the same
way as in new inflation,
PR ≃
√
6
32π2
V 30
m3M6PlM
3/2φ3/2
. (69)
The number of e-folds during hybrid G-inflation N
reads
N =
∫ φtac
φ
H
φ˙
dφ ≃ 2V0
M2PlM
3/2m
(
φ1/2 − φ1/2tac
)
. (70)
7We then obtain the field value evaluated N e-folds before
the end of inflation as,
φN =
(
φ
1/2
tac +
M2PlM
3/2m
2V0
N
)2
. (71)
In the case where
φtac ≫
(
M2PlM
3/2m
2V0
N
)2
, (72)
we have
φN ≃ φtac, (73)
and thus
PR ≃ 7.6× 10−3 V
3
0
m3M6PlM
3/2φ
3/2
tac
, (74)
ns − 1 ≃ 3η˜ ≃ 3M
2
PlmM
3/2
2V0φ
1/2
tac
, (75)
r ≃ 64
3
(
2
3
)1/2
ǫ
≃ 8.7× M
2
Plm
3M3/2φ
3/2
tac
V 20
. (76)
In the opposite case where
φtac ≪
(
M2PlM
3/2m
2V0
N
)2
, (77)
we have
φN ≃ M
4
PlM
6m2
4V 20
N 2, (78)
so that
PR ≃ 6.2× 10−3 V
6
0
M12Plm
6M6N 3 , (79)
ns − 1 ≃ 3N , (80)
r ≃ 1.1× M
8
Plm
6M6
V 50
N 3. (81)
IV. HIGGS G-INFLATION
Let us now construct a Higgs inflation model in the
context of G-inflation. The tree-level SM Higgs La-
grangian is
S0 =
∫
d4x
√−g
[
M2Pl
2
R− |DµH|2 − λ(|H|2 − v2)2
]
,
(82)
where Dµ is the covariant derivative with respect to the
SM gauge symmetry, H is the SM Higgs boson, v is the
vacuum expectation value (VEV) of the SM Higgs and
λ is the self coupling constant. Since we would like to
have a chaotic inflation-like dynamics of the Higgs boson,
we consider the case where its neutral component φ :=√
2|H0| is very large compared with to v: φ≫ v. In this
situation, we have only to consider a simpler action,
S0 =
∫
d4x
√−g
[
M2Pl
2
R− 1
2
(∂µφ)
2 − λ
4
φ4
]
. (83)
In addition to the above action, we consider a Galileon-
type interaction, which breaks Galilean shift symmetry
weakly,
SG =
∫
d4x
√−g
[
−2H
†
M4
DµD
µH|DµH|2
]
→
∫
d4x
√−g
[
− φ
2M4
φ(∂µφ)
2
]
, (84)
where M is a mass parameter. Here we assume M > 0.
Note that gauge fields that couples to φ receive heavy
mass from the field value of the Higgs boson and hence
we can neglect the effect of gauge fields when we consider
the inflationary trajectory. This setup corresponds to the
case
K = X − V (φ), V (φ) = λ
4
φ4, G = − φ
M4
X. (85)
The Galileon effect operates provided that gV ′ ≫ 1,
i.e.,
φ≫ λ−1/4M. (86)
In this regime the slow-roll parameters are given by
ǫ =
8M2PlM
2
λ1/2φ4
=
4
3
η˜ = −2α, (87)
and β = 0, so that the slow-roll conditions are satisfied
if
φ≫ 23/4λ−1/8M1/2Pl M1/2 =: φend. (88)
From Eqs. (86) and (88) one can define a mass scale,
analogously to Eq. (41),
Mc := λ
−3/4MPl. (89)
If M ≪Mc, Higgs G-inflation proceeds even if standard
Higgs inflation would otherwise be impossible. One can
draw essentially the same diagram as Fig. 1 for Higgs-G
inflation.
The number of e-folds N is given by
N =
∫ φend
φ
H
φ˙
dφ =
1
16
λ1/2
M2PlM
2
φ4 − 1
2
, (90)
from which we obtain the field value evaluated N e-folds
before the end of inflation as
φN = (16N + 8)1/4λ−1/8M1/2Pl M1/2. (91)
8As will be mentioned at the end of this section, reheating
after Higgs G-inflation proceeds in the same way as in the
standard inflationary models, and hence the history of
the Universe after inflation will not be altered. Therefore,
we use the value NCOBE = 60.
Now let us turn to the primordial perturbation in this
model. Using the slow-roll approximation, we obtain
F ≃ 4λ
1/2φ2
3M2
, G ≃ 2λ
1/2φ2
M2
. (92)
We thus arrive at
PR = 1
4π2
H4
φ˙2c2s
√FG
=
(2NCOBE + 1)2λ1/2
8π2
(
3
8
)1/2(
M
MPl
)2
≃ 1.1× 102λ1/2
(
M
MPl
)2
, (93)
and
ns = 1− 4ǫ ≃ 1− 4
2NCOBE + 1 ≃ 0.967. (94)
According to WMAP observations, PR = 2.4× 10−9 [5],
and hence
M ≃ 4.7× 10−6λ−1/4MPl ≃ 1013GeV. (95)
The scalar-to-tensor ratio is given by
r =
64
3
(
2
3
)1/2
ǫ ≃ 17× 1
2NCOBE + 1 . (96)
For NCOBE = 60 this yields r ≃ 0.14, which is large
enough to be detected by the forthcoming observation
by PLANCK [23].
Note that in the above discussion we have neglected
the quantum corrections. In order to have the precise
relation between the potential of the Higgs field and the
observational signatures such as the tensor-to-scalar ratio
r, we must know/assume the complete theory valid up
to the inflationary scale, which is left for future study.
However, the qualitative argument will not be changed
even if we take into account quantum effects, because it
can be absorbed by the variation of M .
Before closing this section, let us take a brief look at
reheating after Higgs G-inflation. The dynamics of the
inflaton field during the reheating stage is non-trivial in
general when one considers non-standard kinetic terms.
In the present case, however, the effect of Galileon-like in-
teraction can safely be ignored during reheating because
g = φ/M4 is suppressed around the minimum of the po-
tential, φ≪M . In Fig. 4 we show a numerical example
of the evolution of φ and ρ in the final stage of Higgs G-
inflation and in the begining of the reheating stage, when
the Higgs field oscillates rapidly. We have confirmed that
the Galileon terms become ineffective very soon after in-
flation ends, leading to reheating in the same way as in
the usual case, ρ ∝ a−4, for the quartic potential.
µ a-4
-4 -2 0 2 4
10-10
10-8
10-6
10-4
0.01
1
ln a
ÈΦ
È
M
Pl
,
Ρ
M
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4
FIG. 4: The evolution of |φ| (blue, oscillating line) and ρ
(purple line) in the very final stage of Higgs G-inflation and
in the reheating stage thereafter. We set a(tend) = 1 with
ǫ(tend) = 1. The parameters are given by λ = 0.1 and M =
0.01×Mc.
V. DISCUSSION
The Galileon-like nonlinear derivative interaction,
G(φ,X)φ, opens up a new arena of inflation model
building while keeping the models healthy, and the novel
class of inflation thus developed —G-inflation— pos-
sesses various interesting aspects to be explored. In [15]
the extreme case was emphasized where G-inflation is
driven purely by the kinetic energy, though the back-
ground and the perturbation equations have been de-
rived without assuming any specific form of K(φ,X) and
G(φ,X). In this paper, we have studied the effects of the
Galileon term on potential-driven inflation. Although
the energy density is dominated by the potential any-
way, the dynamics of the inflaton is nontrivial when the
G(φ,X)φ term participates more dominantly than the
usual linear kinetic term X . We have demonstrated that
the Galileon term makes the potential effectively flatter
so that slow-roll inflation proceeds even if the potential
is in fact too steep to support conventional slow-roll in-
flation. In light of this fact, we have constructed a viable
model of Higgs inflation, i.e., Higgs G-inflation, showing
that the power spectrum of the primordial density per-
turbation is compatible with current observational data.
The tensor-to-scalar ratio r is large enough to be detected
by the Planck satellite.
In this paper we have focused on the power spectrum
of the curvature perturbation and the consistency rela-
tion relative to the amplitude of tensor perturbations.
Primordial non-Gaussianity would be another powerful
probe to discriminate G-inflation among others. Un-
fortunately, however, non-Gaussianity arising from the
present potential-driven models is estimated to be not
large. This is because fNL is composed of (1− 1/c2s) and
slow-roll suppressed terms with c2s ≃ 2/3 in the present
model, leading to fNL . O(1). (Detailed computation of
9primordial non-Gaussianity from G-inflation will be given
elsewhere [24]; see also [16–18].) We would thus conclude
that the smoking gun of potential-driven G-inflation is
the consistency relation which is unique enough to distin-
guish G-inflation from standard canonical inflation and
k-inflation.
We have focused on the (generalized form of the) lead-
ing order Galileon term. As demonstrated in [14], higher
order terms play an important role in the cosmological
dynamics of Galileon dark energy models. Therefore, it
would be interesting to consider the effects of the higher
order Galileon terms in the context of primordial infla-
tion, which is left for further study.
Acknowledgments
This work was partially supported by JSPS through
research fellowships (K.K.) and the Grant-in-Aid for the
Global COE Program “Global Center of Excellence for
Physical Sciences Frontier”. This work was also sup-
ported in part by JSPS Grant-in-Aid for Research Ac-
tivity Start-up No. 22840011 (T.K.), the Grant-in-Aid
for Scientific Research Nos. 19340054 (J.Y.), 21740187
(M.Y.), and the Grant-in-Aid for Scientific Research on
Innovative Areas No. 21111006 (J.Y.).
[1] K. Sato, Mon. Not. Roy. Astron. Soc. 195, 467 (1981);
A. H. Guth, Phys. Rev. D 23, 347 (1981); A. A. Starobin-
sky, Phys. Lett. B 91, 99 (1980).
[2] For reviews, see A. D. Linde, arXiv:hep-th/0503203;
D. H. Lyth and A. Riotto, Phys. Rept. 314, 1 (1999)
[arXiv:hep-ph/9807278].
[3] S. W. Hawking, Phys. Lett. 115B, 295 (1982);
A. A. Starobinsky, Phys. Lett. 117B, 175 (1982); A. H.
Guth and S-Y. Pi, Phys. Rev. Lett. 49, 1110 (1982).
[4] A. D. Linde, Phys. Lett. B 129, 177 (1983).
[5] E. Komatsu et al., arXiv:1001.4538 [astro-ph.CO].
[6] F. L. Bezrukov and M. Shaposhnikov, Phys. Lett. B 659,
703 (2008) [arXiv:0710.3755 [hep-th]]; B. L. Spokoiny,
Phys. Lett. B 147 (1984) 39; T. Futamase and
K. i. Maeda, Phys. Rev. D 39, 399 (1989); D. S. Sa-
lopek, J. R. Bond and J. M. Bardeen, Phys. Rev.
D 40, 1753 (1989); R. Fakir and W. G. Unruh,
Phys. Rev. D 41, 1783 (1990); D. I. Kaiser, Phys.
Rev. D 52, 4295 (1995) [arXiv:astro-ph/9408044];
E. Komatsu and T. Futamase, Phys. Rev. D 59,
064029 (1999) [arXiv:astro-ph/9901127]; S. Tsujikawa
and B. Gumjudpai, Phys. Rev. D 69, 123523 (2004)
[arXiv:astro-ph/0402185]; A. O. Barvinsky, A. Y. Ka-
menshchik and A. A. Starobinsky, JCAP 0811,
021 (2008) [arXiv:0809.2104 [hep-ph]]; F. Bezrukov,
D. Gorbunov and M. Shaposhnikov, JCAP 0906, 029
(2009) [arXiv:0812.3622 [hep-ph]]; J. Garcia-Bellido,
D. G. Figueroa and J. Rubio, Phys. Rev. D 79,
063531 (2009) [arXiv:0812.4624 [hep-ph]]; A. De Si-
mone, M. P. Hertzberg and F. Wilczek, Phys.
Lett. B 678, 1 (2009) [arXiv:0812.4946 [hep-ph]];
F. L. Bezrukov, A. Magnin and M. Shaposhnikov,
Phys. Lett. B 675, 88 (2009) [arXiv:0812.4950 [hep-
ph]]; F. Bezrukov and M. Shaposhnikov, JHEP 0907,
089 (2009) [arXiv:0904.1537 [hep-ph]]; A. O. Barvinsky,
A. Y. Kamenshchik, C. Kiefer, A. A. Starobinsky and
C. Steinwachs, JCAP 0912, 003 (2009) [arXiv:0904.1698
[hep-ph]]; F. Bezrukov, A. Magnin, M. Shaposhnikov and
S. Sibiryakov, arXiv:1008.5157 [hep-ph].
[7] C. Germani and A. Kehagias, Phys. Rev. Lett. 105,
011302 (2010) [arXiv:1003.2635 [hep-ph]]; C. Germani
and A. Kehagias, JCAP 1005, 019 (2010) [Erratum-ibid.
1006, E01 (2010)] [arXiv:1003.4285 [astro-ph.CO]];
[8] M. B. Einhorn and D. R. T. Jones, JHEP 1003, 026
(2010) [arXiv:0912.2718 [hep-ph]]; S. Ferrara, R. Kallosh,
A. Linde, A. Marrani and A. Van Proeyen, Phys.
Rev. D 82, 045003 (2010) [arXiv:1004.0712 [hep-th]].
H. M. Lee, JCAP 1008, 003 (2010) [arXiv:1005.2735
[hep-ph]]; S. Ferrara, R. Kallosh, A. Linde, A. Mar-
rani and A. Van Proeyen, arXiv:1008.2942 [hep-th];
K. Nakayama and F. Takahashi, arXiv:1008.4457 [hep-
ph]; I. Ben-Dayan and M. B. Einhorn, JCAP 1012, 002
(2010) [arXiv:1009.2276 [hep-ph]].
[9] C. Armendariz-Picon, T. Damour and V. F. Mukhanov,
Phys. Lett. B 458, 209 (1999) [arXiv:hep-th/9904075].
[10] N. Arkani-Hamed, H. C. Cheng, M. A. Luty and S. Muko-
hyama, JHEP 0405, 074 (2004) [arXiv:hep-th/0312099];
N. Arkani-Hamed, P. Creminelli, S. Mukohyama
and M. Zaldarriaga, JCAP 0404, 001 (2004)
[arXiv:hep-th/0312100].
[11] M. Alishahiha, E. Silverstein and D. Tong, Phys. Rev. D
70, 123505 (2004) [arXiv:hep-th/0404084].
[12] A. Nicolis, R. Rattazzi and E. Trincherini, Phys. Rev. D
79, 064036 (2009) [arXiv:0811.2197 [hep-th]].
[13] C. Deffayet, G. Esposito-Farese and A. Vikman, Phys.
Rev. D 79, 084003 (2009) [arXiv:0901.1314 [hep-th]];
C. Deffayet, S. Deser and G. Esposito-Farese, Phys. Rev.
D 80, 064015 (2009) [arXiv:0906.1967 [gr-qc]].
[14] N. Chow and J. Khoury, Phys. Rev. D 80, 024037 (2009)
[arXiv:0905.1325 [hep-th]]; F. P. Silva and K. Koyama,
Phys. Rev. D 80, 121301 (2009) [arXiv:0909.4538 [astro-
ph.CO]]; T. Kobayashi, H. Tashiro and D. Suzuki,
Phys. Rev. D 81, 063513 (2010) [arXiv:0912.4641 [astro-
ph.CO]]; T. Kobayashi, Phys. Rev. D 81, 103533
(2010) [arXiv:1003.3281 [astro-ph.CO]]; R. Gannouji
and M. Sami, Phys. Rev. D 82, 024011 (2010)
[arXiv:1004.2808 [gr-qc]]; A. De Felice and S. Tsu-
jikawa, arXiv:1005.0868 [astro-ph.CO]; A. De Felice,
S. Mukohyama and S. Tsujikawa, arXiv:1006.0281 [astro-
ph.CO]; A. De Felice and S. Tsujikawa, arXiv:1007.2700
[astro-ph.CO]; C. Deffayet, O. Pujolas, I. Sawicki and
A. Vikman, arXiv:1008.0048 [hep-th]; A. Ali, R. Gan-
nouji and M. Sami, arXiv:1008.1588 [astro-ph.CO];
A. De Felice and S. Tsujikawa, arXiv:1008.4236 [hep-
th]; S. Nesseris, A. De Felice and S. Tsujikawa,
arXiv:1010.0407 [astro-ph.CO]; R. Kimura and K. Ya-
mamoto, arXiv:1011.2006 [astro-ph.CO]; A. De Felice,
R. Kase and S. Tsujikawa, arXiv:1011.6132 [astro-
ph.CO].
[15] T. Kobayashi, M. Yamaguchi and J. Yokoyama, Phys.
10
Rev. Lett. 105, 231302 (2010) [arXiv:1008.0603 [hep-th]].
[16] S. Mizuno and K. Koyama, arXiv:1009.0677 [hep-th].
[17] C. Burrage, C. de Rham, D. Seery and A. J. Tolley,
arXiv:1009.2497 [hep-th].
[18] P. Creminelli, G. D’Amico, M. Musso, J. Norena and
E. Trincherini, arXiv:1011.3004 [hep-th].
[19] M. Kawasaki, M. Yamaguchi and T. Yanagida, Phys.
Rev. Lett. 85, 3572 (2000) [arXiv:hep-ph/0004243];
Phys. Rev. D 63, 103514 (2001) [arXiv:hep-ph/0011104];
M. Yamaguchi and J. Yokoyama, Phys. Rev. D 63,
043506 (2001) [arXiv:hep-ph/0007021]; Phys. Rev. D 68,
123520 (2003) [arXiv:hep-ph/0307373].
[20] A. D. Linde, Phys. Lett. B 129, 177 (1983); H. Mu-
rayama, H. Suzuki, T. Yanagida and J. Yokoyama, Phys.
Rev. Lett. 70, 1912 (1993); Phys. Rev. D 50, 2356
(1994); K. Kadota and M. Yamaguchi, Phys. Rev. D
76, 103522 (2007) [arXiv:0706.2676 [hep-ph]]; K. Kadota,
T. Kawano and M. Yamaguchi, Phys. Rev. D 77, 123516
(2008) [arXiv:0802.0525 [hep-ph]].
[21] A. D. Linde, Phys. Lett. B 108, 389 (1982); A. Al-
brecht and P. J. Steinhardt, Phys. Rev. Lett. 48, 1220
(1982); K. Kumekawa, T. Moroi and T. Yanagida, Prog.
Theor. Phys. 92, 437 (1994) [arXiv:hep-ph/9405337];
K. I. Izawa and T. Yanagida, Phys. Lett. B 393, 331
(1997) [arXiv:hep-ph/9608359].
[22] A. D. Linde, Phys. Lett. B 259, 38 (1991); A. D. Linde,
Phys. Rev. D 49, 748 (1994) [arXiv:astro-ph/9307002];
E. J. Copeland, A. R. Liddle, D. H. Lyth, E. D. Stew-
art and D. Wands, Phys. Rev. D 49, 6410 (1994)
[arXiv:astro-ph/9401011]; G. R. Dvali, Q. Shafi and
R. K. Schaefer, Phys. Rev. Lett. 73, 1886 (1994)
[arXiv:hep-ph/9406319].
[23] [Planck Collaboration], arXiv:astro-ph/0604069.
[24] T. Kobayashi, M. Yamaguchi and J. Yokoyama, in prepa-
ration.
